Boulder. Colorado 80303 Summary We a r e s t u d y i n g t w o t y p e s o f o p t i c a l l y pumped g l a s s c e l l s w h i c h do n o t c o n t a i n a b u f f e r gas and have no w a l l c o a t i n g i n w h i c h b e a m -l i k e p r o p e r t i e s a r e e x p l o i t e d .
The f i r s t d e v i c e i s a sealed glass t u b e o f a b o u t 1 cm diameter and 20 cm l e n g t h . A sinal 1 amount o f 87Rb metal i s l o c a l i z e d a t one end by temperature gradients which also control the vapor pressure.
The c e l l has t h e p r o p e r t i e s o f a broad atomic beam f o r t h e t r a n s
p o r t o f o p t i c a l l y pumped atoms from one end t o t h e o t h e r with c o ll i m a t i o n g i v e n b y t h e a s p e c t r a t i o o f t h e t u b e . A t each end the
Rb "beam" i s crossed by a l a s e r . I n each i n t e r a c t i o n r e g i o n , t h e l a s e r o p t i c a l l y pumps atoms i n t o one o f t h e 5 2 S h y p e r f i n e l e v e l s , a s w e l l as detects population kanges between the h y p e r f i n e l e v e l s . I n a second device, graphite i n s e r t s a r e i n c l u d e d i n the glass tube.
The g r a p h i t e s t r o n g l y g e t t e r s Rb, t h e r e b y p r o v i d i n g c o l l i m a t i o n and s i g n i f i c a n t l y r e d u c i n g s c a t t e r i n g o f l a s e r l i g h t f r o m background Rb atoms. A TE m i c r o w a v e c a v i t y i s p o s i t i o n e d between the
w l a s e r i n t e r a c t i o n r e g i o n s . I n t h e b r o a d beam device we have observed the t r a n s p o r t o f o p t i c a l l y pumped atoms between t h e ends w i t h a S/N r a t i o o f 300:l i n 1 S . A tunable d y e l a s e r was used f o r t h e pumping and signal d e t e c t i o n . I n t h e c o l l i m a t e d beam device, we have obsewed microwave transitions using a d i o d e l a s e r f o r pumping and fluorescence detection. l i g h t s h i f t s and b u f f e r gas p r e s s u r e s h i f t s . We a r e i n t h e p r e l i m i n a r y s t a g e s o f i n v e s t i g a t i n g t w o d i f f e r e n t p h y s i c a l packages f o r Rb ( o r CS) which show promise o f s i g n i f i c a n t r e d u c t i o n i n these o f f s e t s , w h i l e s t i l l m a i n t a i n i n g t h e a d v a n t a g e s o f a small atomic standard. The i n i t i a l goal i s a device w i t h t o 10-l' accuracy and rapid t u r n -o n c a p a b i l i t y compared t o a v a i l a b l e s t a n d a r d s .
The two packages are described separately b e l o w a n d t h e i r p o t e n t i a l f o r p o r t a b l e s t a n d a r d s are discussed. Briefly, these devices have the advantages f o r accuracy and long-term s t a b i l i t y o f an atomic beam: no w a l l c o a t i n g s , no b u f f e r g a s e s , a n d a n o p t i c a l i n t e r a c t i o n r e g i o n w h i c h i s separate from the microwave region. These general f e a t u r e s a r e i l l u s t r a t e d i n f i g . 1. However, they d i f f e r s i g n i f i c a n t l y f r o m commercial portable beam 
standards i n t h e i r s i m p l i c i t y o f c o n s t r u c t i o n and use o f o p t i c a l pumping t o e l i m i n a t e s t a t e s

The a t o m i c v a p o r d e n s i t y a t t h i s t e m p e r a t u r e presents about one o p t i c a l a b s o r p t i o n l e n g t h t o
t h e i n t e r s e c t i n g l a s e r beams which are tuned to t h e 5 *S4 F=2 -t 5 2P, / , F=1,2,3 Doppler broadened D2 resonance (see f i g . 3). A t t h i s o p e r a t i n g temperature and pressure, the mean f r e e p a t h f o r ground-state spin-exchange collisions remains much g r e a t e r t h a n t h e c e l l d i m e n s i o n s , so t h a t Rb atom-atom c o l l i s i o n s a r e u n i m p o r t a n t . Thus, a t t e n u a t i o n o f t h e l a s e r l i g h t and n o t t h e a t o m i c mean f r e e p a t h l e n g t h d e t e r m i n e s t h e h i g h e s t useful temperature i n t h e b e a d c e l l .
I f it i s assumed t h a t a w a l l c o l l i s i o n e ff e c t i v e l y d e s t r o y s any difference between grounds t a t e p o p u l a t i o n s , we may t h e n t h i n k o f t h i s device as producing a broad, large source area atomic beam f o r t h e t r a n s p o r t o f o p t i c a l l y pumped atoms from one o p t i c a l r e g i o n t o t h e o t h e r . The beam's e f f e c t i v e c o l l i m a t i o n i s g i v e n a p p r o x i m a t e l y b y t h e a s p e c t r a t i o , a / r , o f t h e t u b e , where a i s t h e t u b e r a d i u s , and r i s t h e s e p a r a t i o n between o p t i c a l r e g i o n s .
I t should be noted that i f a s i n g l e l a s e r i s used f o r b o t h i n t e r a c t i o n r e g i o n s and s i g n i f i c a n t n e t mass t r a n s p o r t o f Rb does n o t t a k e p l a c e f r o m one end o f t h e t u b e t o t h e o t h e r , t h e n t h e d e v i c e W i t h r e f e r e n c e t o f i g . 2b, we now consider i n d e t a i l t h e t r a n s p o r t o f pumped atoms between t h e o p t i c a l i n t e r a c t i o n r e g i o n s i n t e r m s o f a t o m i c d e n s i t i e s .
I f t h e l a s e r beam i s expanded to cover I n g e n e r a l , n o t a l l o f t h e atoms c o n t r i b u t i n g t o p o ( r ) w i l l b e o p t i c a l l y pumped i f t h e l a s e r s p e c t r a l w i d t h Avva i s n a r r o w e r t h a n t h e t r a n s v e r s e beam Doppler width A u i , t h e dens i t y o f atoms a t r which were pumped i n t o a s i n g l e h y p e r f i n e m a n i f o l d a t t h e o r i g i n a t i n g d i s c i s
We have assumed t h a t t h e p r o d u c t o f l a s e r i n t e n s i t y and o p t i c a l i n t e r a c t i o n t i m e i s s u ff i c i e n t t o pump a l l atoms a b s o r b i n g w i t h i n
Aug.
I f Au2 L Au; , t h e l i n e w i d t h f a c t o r becomes u n i t y f o r an a p p r o p r i a t e l y t u n e d pump l a s e r . 
e i g h t i n g f a c t o r gF o f t h e g r o u n d s t a t e l e v e l i n v o l v e d i n t h e o p t i c a l t r a n s i t i o n :
The r a t i o p /p i s t h u s i n d e p e n d e n t o f hug:
We n e x t c o n s i d e r t h e e f f e c t o f s a t u r a t i n g t h e m i c r o w a v e c l o c k t r a n s i t i o n 
h e r e g i o n between the t w o l a s e r s . F o r b o t h l a s e r beams a t t h e same f r e q u e n c y , t h i s w i l l increase t h e a b s o r p t i o n i n t h e d e t e c t i o n r e g i o n b y i nc r e a s i n g t h e d e n s i t y o f atoms i n one o f t h e FMF = 0 s t a t e s . F o r 87Rb t h e change i n d e n s i t y w h i c h c o n t r i b u t e s t o t h i s a b s o r p t i o n i s g i v e n b y where we have made t h e a p p r o x i m a t i o n t h a t t h e pumped atoms a r e d i s t r i b u t e d e q u a l l y among t h e r e c e i v i n g
Signal. For a s i m p l e l i n e a r a b s o r p t i o n model (neg l e c t i n g s a t u r a t i o n e f f e c t s ) , t h e t r a n s m i t t e d l i g h t i n t e n s i t y w i l l be where U i s t h e o p t i c a l a b s o r p t i o n c r o s s s e c t i o n and 2 i s t h e p a t h l e n g t h t h r o u g h t h e v a p o r . M i c r o w a v e m o d u l a t i o n w i t h p h a s e s e n s i t i v e d e t e c t i o n o f t h e a b s o r p t i o n s i g n a l t h e n r e s u l t s i n a s i g n a l -0PBl IpSD
( 1 ) L a s e r i n t e n s i t y n o i s e . F o r t h e i n t e n s i t y (and frequency) stabilized dye l a s e r used i n these e x p e r i m e n t s , f r a c t i o n a l i n t e n s i t y f l u c t u a t i o n s have been reduced t o l e s s t h a n 5 x 1 0 -7 / f i beyond 500 Hz. For the diode lasers which we have used, f r a c t i o n a l i n t e n s i t y n o i s e on a s i n g l e mode (these " s i n g l e mode" d i o d e s g e n e r a l l y e x h i b i t m u l t i m o d e o p e r a t i o n , w i t h one s t r o n g mode and a few weak a u x i l i a r y modes) ranged from lO-' /m t o l e s s t h a n 10-6/fiz. The p h o t o n s h o t n o i s e f o r l a s e r p o w e r s i n t h e r a n g e o f t o w a t t s a t 780 nm i s 0.5 t o 1.5 x lO-' /m. These power l e v e l s a r e t y p i c a l i n t h e s e e x p e r i m e n t s . Gaussian form, where IN (t) i s t h e i n s t a n t a n e o u s l a s e r f r e q u e n c y ( i n a n g u l a r u n i t s ) , W-i s t h e l i n e c e n t e r , and
I f we w r i t e w p = WO + E 1 + E 2 ( t ) where i s a f i x e d f r e q u e n c y o f f s e t f r o m l i n e c e n t e r and E 2 ( t ) i s a time dependent change i n t h e laser frequency and i f t h e n t h e f r a c t i o n a l f r e q u e n c y t o a m p l i t u d e n o i s e In practice, one is usually limited i n signal-to-noise ratio by one of the previously listed noise sources, and not by the signal shot noise term.
In absorption and fluorescence experiments, all of the noise terms are present and they must be individually examined for each experimental situation. In the collimated and well-gettered Rb beam tube of our second design, the background noise is virtually el imi nated.
Furthermore, fluorescence detection in this scheme has an additional advantage: if the laser intensityinteraction time product is sufficient to optically pump all atoms then, in principle, it is possible to eliminate the noise due to laser intensity fluctuations for times longer than the average transit time through the laser beam.
Experiment.
Preliminary to the application of microwaves, we have observed the transport of optically pumped atoms between the interaction regions in an absorption experiment. An intensity stabilized, single-mode, tunable jet stream dye laser (5 MHz spectral linewidth, intensity noise lo-?/* beyond 500 Hz, power attenuated to 50 microwatts) was used for pumping and downstream detection.
By chopping the pump beam either mechanically or with an electro-optic crystal and synchronously detecting the downstream absorption, we observed a maximum signal-to-noise (S/N) ratio of I 300:l (t = 1 S ) . This signal is the change in the detected intensity synchronous with the chopped pump beam. It i s due to the change in absorption of the atomic beam when the sublevel populations in one of the lower F levels are redistributed.
To compare with our description, we expect that without microwaves The largest noise contribution arose from laser intensity fluctuations at the 5 x level. With this level of noise, we expect a S/N of about 5800: 1 in 1 S, roughly a factor o f 20 better than the 300:l which we have observed. Stray 1 ight from window scattering precluded the possibility of fluorescence detection. We note that a frequency stability of 1 x i n 1 S . requires a S/N ratio of about 600 at 1 S on the microwave resonance.
Standards Potential. Additional work is required to evaluate experimentally the maximum S/N of this device. We now have a diode laser with spectral width o f 150 MHz which should increase signal because the factor AuOa/Aui will be approximately
i g h t m o d u l a t i o n ) w i l l g i v e a s m a l l e r s i g n a l , b u t should also decrease the noise, and we expect an i m p r o v e d s i g n a l -t o -n o i s e r a t i o .
One s y s t e m a t i c e r r o r o f t h i s d e v i c e , w h i c h w i l l e v e n t u a l l y need t o b e i n v e s t i g a t e d , i s t h e l i g h t s h i f t p r o d u c e d b y f l u o r e s c e n t l i g h t o r i g in a t i n g i n t h e pumping and detection regions. We n o t e t h a t because o f t h e symmetry o f t h e beam / c e l l , l i g h t f r o m one r e g i o n w i l l b e b l u e s h i f t e d w h i l e l i g h t f r o m t h e o t h e r r e g i o n w i l l be r e d s h i f t e d , so t h a t t h e atom w i l l b e s u b j e c t t o a symmetric frequency distribution. Furthermore, s i n c e t h e c e l l i s o p t i c a l l y t h i c k , t h e i n t e n s i t y s c a t t e r e d i n t o t h e microwave region w i l l be somewhat reduced by multiple scatterings ( t h i s w i l l a l s o c o n t r i b u t e t o depumping atoms i n t h e beam).
Rb Beam Tube
General Description. 
However, a g l a s s c a p i l l a r y and g r a p h i t e i n s e r t s p r o v i d e a c o l l i m a t i o n r a t i o o f a b o u t
1O:l i n order t o form a d i r e c t e d a t o m i c beam o f Rb. The present tube i s a c t i v e l y pumped by a s m a l l i o n appendage pump, though it i s a n t i c i p a t e d t h a t t h e t u b e w i l l operate i n a s e a l e d -o f f mode due t o t h e e x c e l l e n t g e t t e r i n g p r o p e r t i e s o f t h e g r a p h i t e . The absence o f any appreciable density of background Rb atoms makes t h i s d e v i c e much more l i k e a s i m p l i f i e d , conventional atomic beam t h a n t h e p r e v i o u s l y d i s -
cussed b e a d c e l l . I t i s expected that one gram o f n a t u r a l Rb i n the source w i l l l a s t more t h a n a y e a r when opera t e d a t 90 OC, p r o v i d i n g an atomic beam f l u x o f 3 x 10" 87Rb atoms/s i n t o a 3 mmz area a t t h e detector. Again, the configuration can be made symmetric by using two sources to provide opposing beams.
Signal. To estimate the microwave signal, we must know what population difference can be obtained b e t w e e n t h e c l o c k t r a n s i t i o n s u b l e v e l s b y l a s e r pumping.
The s o l u t i o n o f t h e o p t i c a l pumping e q u a t i o n s f o r a s i n g l e l a s e r i s o u t l i n e d i n t h e Appendix, with results presented i n f i g s . ( 5 ) ,
(6), and (7).
The c a l c u l a t i o n assumes t h a t b o t h t h e l a s e r w i d t h and residual Doppler width of the atomic beam a r e l e s s t h a n t h e e x c i t e d s t a t e h y p e r -
f i n e s p l i t t i n g s , so that absorption takes place on a s i n g l e F t r a n s i t i o n . I t i s c l e a r t h a t t h e F = 2 + F ' = 2 l i n e pumped b y a -p o l a r i z e d l i g h t maximizes the population difference, ljoo, between t h e F = 1, m = 0 and F = 2 , mF = 0 l e v e l s . (The same l i n e pumped w i t h n l i g h t r e s u l t s i n Soo = 0). I f t h e optimum ljo0 o f 0 . 4 i s a t t a i n e d , we expect the microwaves t o induce a 20% change i n t h e t o t a l beam fluorescence i n t h e d e t e c t i o n r e g i o n . escence observed i n t h e d e t e c t i o n r e g i o n as l a s e r i n j e c t i o n c u r r e n t i s s l o w l y swept. The 85Rb l i n e s a r e s t r o n g e s t due t o t h e 3 : l n a t u r a l abundance r a t i o o f 85Rb:87Rb. The l a r g e s t components o f each array occur on c y c l i n g t r a n s i t i o n s such as F = 2 -f F ' = 3 i n 87Rb. F i g . 9 shows a d e r i v a t i v e f l u o r e s c e n c e d e t e c t i o n s i g n a l w i t h i m p r o v e d r e s ol u t i o n o f t h e 87Rb, F = 2 tf F ' = 1, 2, 3 spectrum.
F We w i l l use t h i s f i g u r e t o e s t i m a t e t h e S/N though the actual change i n d e t e c t e d f l u o r e s c e n c e may be less when t h e a n g u l a r d i s t r i b u t i o n o f t h e l i g h t e m i t t e d d u r i n g t h e d e t e c t i o n
t a l l y t h a t t h e m a j o r n o i s e c o n t r ib u t i o n i s due t o t h e d e t e c t o r d a r k c u r r e n t a t t h
The a r r o w i n d i c a t e s t h e d i s c r i m i n a t o r p o i n t u s e d t o l o c k t h e l a s e r t o t h e F = 2 + F ' = 2 t r a n s i t i o n .
With the laser locked, microwave power was a p p l i e d i n t h e i n t e r m e d i a t e r e g i o n u s i n g a TEOl l c a v i t y . The glass beam tube f i t s a x i a l l y a l o n g t h e c e n t e r o f t h e c a v i t y i n o r d e r t o a v o i d f i e l d r e v e r s a l s and t o m a i n t a i n i n h e r e n t symmetry o f t h e TEOl l mode.
Figs. 10 and 1 1 show the microwave resonances we have observed by phase s e n s i t i v e d e t e c t i o n w i t h the microwave frequency modulated +_2 kHz a t a 400 Hz r a t e .
T h e o r e t i c a l l y t h e c l o c k t r a n s i t i o n s i g n a l i s s t r o n g e s t f o r F = 2 + F' = 2 CT pump l i g h t , b u t gives no s i g n a l f o r n pump l i g h t .
The f a c t t h a t we see t h e c l o c k t r a n s i t i o n f o r b o t h p o l a r i z a t i o n s i n d i c a t e s p o o r d e f i n i t i o n o f t h e m a g n e t i c f i e l d w i t h i n t h e c a v i t y . We a t t r i b u t e t h i s p r o b l e m t o i n a d e q u a t e m a g n e t i c s h i e l d i n g o f t h e e a r t h ' s f i e l d i n a l l o f t h e i n t e r a c t i o n r e g i o n s .
A t present, the observed S/N i s f a r below what we have e s t imated should be possible.
Nevertheless, from the data i n f i g . 11, we conclude that the observed resonance i s a l r e a d y adequate f o r o b t a i n i n g a f r e q u e n c y s t a b i l i t y o f about 3 x i n 1 second.
S t a n d a r d s P o t e n t i a l . I n a d d i t i o n t o improving the f i e l d d e f i n i t i o n ,
we f e e l t h e r e a r e a number o f changes which would produce a Rb beam w i t h f r a ct i o n a l s t a b i l i t y a t 1 second o f l e s s t h a n
x The l a r g e s t improvement would come by i m p r o v i n g t h e c o l l e c t i o n e f f i c i e n c y o f t h e d e t e c t e d l i g h t f r o m t h e p r e s e n t l% t o b e t t e r t h a n 20% and by r e p l a c i n g t h e R a b i c a v i t y w i t h a Ramsey c a v i t y .
Another improvement would be obtained by u s i n g a more i n t e n s e l a s e r t o i n c r e a s e t h e p o p u l a t i o n d i fference 6oo.
A t present, aANt = 26, w h i l e f r o m f i g . 6 a value o f a t l e a s t 100 i s d e s i r a b l e .
I t i s c l e a r t h a t t h e s i m p l i f i e d beam device s h o u l d o p e r a t e a t l e a s t as w e l l w i t h CS as w i t h
and a somewhat higher atomic Q w i l l enhance t h e s i g n a l and make it e a s i e r t o i m p l e m e n t d i o d e l a s e r a u t o -l o c k i n g schemes. We expect t o have l a s e r d i o d e s o p e r a t i n g a t t h e CS w a v e l e n g t h w i t h i n a few months.
A t p r e s e n t , t h e beam tube appears to be a much more p r o m i s i n g d e v i c e t h a n t h e b e a d c e l l , t h o u g h b o t h w a r r a n t f u r t h e r i n v e s t i g a t i o n . where -E = i n t e n s i t y p e r u n i t a n g u l a r band- i t e r a t i o n on a computer. For convenience, the i t e r a t i o n has been done i n i n c r e m e n t s o f aANt, which appears as the abscissa i n f i g s . 5 , 6, and 7 . A t t=O, we assume t h e atom t o b e e q u a l l y d i s t r i b u t e d among t h e l o w e r l e v e l s (ni = 0.125 f o r "Rb).
We can r e l a t e uAN t o t h e i n i t i a l s c a t t e r i n g r a t e p e r atom as f o l l o w s . L e t P be t h e r a t e o f absorpton (photons/s o r t r a n s i t i o n s / s ) f o r an atom known t o be i n t h e l e v e l F with e q u a l d i s t r i b u t i o n among t h e MF sublevels. Then P i s obtained from 
03.
TT Light F F' The pumping i s done on t h e 5 S+ F = 2 + 5 2P,,2 F ' = 2 t r a n s i t i o n w i t h U p o l a r i z e d l i g h t ( s e e Appendix f o r d e t a i l s ) . T h i s t r a n s i t i o n r e s u l t s i n t h e l a r g e s t p o s s i b l e p o p u l a t i o n d i f f e r e n c e b e t w e e n t h e MF = 0 c l o c k s u b l e v e l s f o r pumping w i t h a s i n g l e l i n e a r l y p o l a r i z e d l a s e r . t o t h e change i n i n t e n s i t y o f t h e s t r a y l a s e r l i g h t as t h e i n j e c t i o n c u r r e n t F i g u r e 9. Diode induced fluorescence vs. laser wavelength observed downstream f o r t h e 87Rb 5 2S, F = 2 + 5 F ' = 1, 2, 3 t r a n s i t i o n s . Phase s e n s i t i v e d e t e c t i o n w i t h l a s e r f m modulated over I 4 0 MHz a t 200 Hz r a t e , t i m e c o n s t a n t = 400 ms. To obtain the microwave data i n f i g s . 10 and 11, t h e l a s e r was l o c k e d t o t h e F ' = 2 fluorescence peak (arrow) observed i n t h e pumping region. H o r i z o n t a l a x i s i s a 400 KHz sweep o f t h e microwave frequency about the c e n t e r v a l u e 6.834627GHz w h i l e t h e d i o d e l a s e r i s l o c k e d t o t h e 5 2S4 F = 2 + 5 *P,/, F ' = 2 t r a n s i t i o n . Pumping i s done w i t h n p o l a r i z e d l i g h t .
25 kHz k -4 
